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Abstract This paper explores the planar arrangement feature of the copper interconnects in a view
ﬁeld of several millimeters by the focused ion-beam (FIB) Moire´ inversion method quantitatively.
The curved FIB Moire´ patterns indicate that the copper interconnects are a series of curves with
continuous variations instead of beelines. The control equation set of the copper interconnects central
lines is attained through the Moire´ inversion method. This work can be extended to inspect the
structural defects and provide a reliable support for the interconnects structure fabrication. c© 2012
The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1202108]
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Copper interconnects research is currently a focused
issue of intense scientiﬁc interest due to the extensive
applications in large-scale integrated circuits and micro-
electromechanical systems.1–3 The uniformity of the in-
terconnects arrangement aﬀects the mechanical behav-
iors and the electrical properties such as the capacitance
of the interconnects. It is of great importance to char-
acterize the arrangement feature of the interconnects
structure.4 Since the size of interconnects has reached
the micron, submicron or even the nano levels,5,6 this
kind of structure is commonly characterized under high
resolution microscopes, such as a scanning electron mi-
croscope, an atomic force microscope and a transmis-
sion electron microscope at the cost of a very small view
ﬁeld. Although powder x-ray diﬀraction and some types
of spectroscopy measurements allow us to determine the
average structural information, the details of the inter-
connects in diﬀerent regions are neglected.
To examine the whole arrangement feature of the
interconnects in a large view ﬁeld without neglect-
ing the regional diﬀerences, full-ﬁeld optical measure-
ment methods are taken into account. Since 1948,7
Moire´ method has become a useful tools for mea-
suring deformation8–10 and understanding structural
properties.11–13 Among many types of Moire´ methods,
the Moire´ inversion method11 shows its superiority in
characterizing the micro/nano structures in a large ﬁeld
of view. By the Moire´ inversion method, not only the
dimensions at the micro/nano scale, but also the whole
shape features of the planar periodic structures in a
large area of several millimeters can be acquired. In
this letter, the planar arrangement feature of copper in-
terconnects will be characterized by utilizing the Moire´
inversion method.
Moire´ is a group of bright fringes alternating with
dark fringes, as a result of the interference between
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specimen gratings and reference gratings. The speci-
men grating can be the planar periodic structure of the
sample or a grating duplicated on the sample surface,
while the reference grating can be a virtual grating gen-
erated by the beams of light or formed by the scanning
lines of microscopes. If the reference grating is known,
we can obtain the information of the specimen grating
from the Moire´ fringes, which is so called the Moire´ in-
version method.
The Moire´ inversion method can be implemented
through two ways: the ﬁrst way is seeking the control
equation of the specimen grating and the second way
is calculating the virtual deformation of the specimen
grating relative to the reference grating. The second
way is similar to the strain measurement in the common
Moire´ method, whereas the ﬁrst way aims at ﬁnding
the mathematical expressions of the specimen grating
lines. Here the research is focused on the ﬁrst way. The
control equation of the specimen grating is derived from
the Moire´ order equation14
ms = mr ±m, (1)
where ms,mr and m are the orders of the specimen
grating, the reference grating and the Moire´ fringes, re-
spectively.
Build up a two-dimensional Cartesian coordinate
system, as shown in Fig. 1. The reference grating equa-
tion as a function of the reference grating order mr and
the Moire´ fringe equation as a function of the Moire´
fringe order m are available through Fig. 1. Conse-
quently, the expression of the specimen grating order
ms can be acquired according to Eq. (1), and this trans-
formation of the expression is just the specimen grating
equation.
For the regular rotation Moire´, the specimen grating
contains a group of parallel beelines distributed with
equal spacing. The equation of the specimen grating is
ms = ± sinφ
pm
x+
(
1
pr
± cosφ
pm
)
y, (2)
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Fig. 1. Formation of the Moire´ fringes, where ms, mr and m
are the orders of the specimen grating, the reference grating
and the Moire´ fringes, respectively; ps, pr and pm are the
spacings of the specimen grating, the reference grating and
the Moire´ fringes, respectively; φ is the included angle be-
tween the directions of the Moire´ fringes and the reference
grating lines.
where ps, pr and pm are the spacings of the specimen
grating, the reference grating and the Moire´ fringes, re-
spectively, φ is the included angle between the directions
of the Moire´ fringes and the reference grating lines.
However, the regular rotation Moire´ fringes only ap-
pear under an ideal condition. In most cases, the Moire´
fringes are curves, which is called as the generalized ro-
tation Moire´. Under this circumstance, the specimen
grating lines will be a cluster of curves, with the tan-
gent direction of each line varying continuously and the
spacing between two adjacent lines in the normal di-
rection diﬀerent everywhere. The Moire´ fringes can be
considered as a cluster of curves as a function of the
Moire´ fringe order m based on the Lagrange idea
y(m) =
∑
lk(m)yk(x) = G(m
n−1, x),
m, k = 1, 2, ..., n, (3)
where lk(m) stands for each Lagrange interpolation co-
eﬃcient, and yk(x) is the ﬁtted polynomial equation of
each Moire´ fringe.11 Substitute the expressions of lk(m)
and yk(x) into
∑
lk(m)yk(x), we can get the expression
of y(m) as a function (G) of mn−1 and x. The specimen
grating equation can be obtained through substituting
m = ±(y/pr−ms) into Eq. (3). The detailed derivation
process of the above inversion formulas is presented in
Ref. 9.
It should be noted that, there are positive and neg-
ative signs in the above equations. Therefore, it is ne-
cessary to determine which sign should be adopted in
practice. In any case, judging the sign of the virtual
strain is indispensable, which can be completed by ob-
serving the rotation direction of the Moire´ fringes when
we rotate the specimen grating. If the rotation direc-
tions of the Moire´ fringes and the specimen grating are
the same, the corresponding virtual strain is compres-
sive (ps < pr), or if they are reverse, the virtual strain
is tensile (ps > pr). In the case of ps > pr, φ < 90
◦,
or ps < pr, 90
◦ < φ < 180◦, a negative sign should be
Fig. 2. Structure of the copper interconnects sample, where
the light part are the copper interconnects.
adopted, and in the case of ps < pr, φ < 90
◦, or ps > pr,
90◦ < φ < 180◦, a positive sign should be employed.
The accuracy of the Moire´ inversion method will be
analyzed from the measurement errors of the specimen
grating pitch (ps) and the specimen grating direction
angle (θ), i.e., the included angle between the specimen
grating lines and the reference grating lines. In this
method, usually pm/pr ≥ 4, and both the measurement
errors of pm and φ are less than 0.03. Based on Eq. (7)
in Ref. 11, the errors of ps and θ are calculated to be
εps ≤ 0.01 and εθ ≤ 0.05, respectively. If distinct Moire´
can be formed under a higher magniﬁcation in a FIB
system, the measurement errors of pm and φ will be
smaller. Consequently, the errors of ps and θ measured
by the Moire´ inversion method will be smaller.
As a group of interconnect lines in parallel arrange-
ment can be regarded as a one-way grating, the arrange-
ment feature of the copper interconnects in a large view
ﬁeld will be investigated by means of the Moire´ inversion
method in this study. The copper interconnects sample
(Fig. 2) with a silicon substrate is fabricated through
magnetron sputtering and photolithography. Both the
width of one interconnect line and the interspace be-
tween two adjacent interconnect lines are 5 μm. As a
consequence, the pitch of the grating formed by the cop-
per interconnects is 10 μm, where the pitch indicates the
spacing of the central lines of the copper interconnects.
After the sample is put into a focused ion beam
(FIB) system, we should adjust the magniﬁcation of
the microscope in the FIB system to make the scanning
spacing close to 10 μm. It is found that when the magni-
ﬁcation is 118 and the scanning spacing is pr = 9.9 μm,
distinct Moire´ fringes will appear on the surface of the
interconnects, shown in Fig. 3(a). At this moment, the
accelerating voltage of the scanning electron beam is
5 kV and the free working distance is 4.853 mm. The
formed FIB Moire´ comes from the interference between
the FIB scanning lines (the reference grating) and the
interconnect lines (the specimen grating).
From Fig. 2, the copper interconnects seem to be
parallel in a micro region of dozens of micrometers.
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Fig. 3. (a) The FIB Moire´ formed by the FIB scanning lines and the copper interconnects, (b) thin Moire´ fringes after (a)
is processed.
However, it is diﬃcult to know whether the intercon-
nects are parallel or not in a large area of several or
even hundreds of millimeters only through the electron
microscope images. Taking advantage of the FIB Moire´,
we can easily gain the distribution characteristic of the
copper interconnects in a large area. The FIB Moire´
patterns are not beelines with equal spacing, but curves
with nearly equal spacing from Fig. 2. It suggests that
the copper interconnects are a series of curves with con-
tinuous variations instead of beelines from the sense of
sight.
To quantitatively characterize the arrangement fea-
ture of the interconnects structure in a large area, the
control equation set of the interconnects central lines
will be attained. After some processing operations
to Fig. 2, such as ﬁltering, binarizing, fringe reﬁning
and smoothing, the thin Moire´ fringes are displayed in
Fig. 3(b).
Because the absolute values of the Moire´ fringes or-
ders do not aﬀect the shape of the specimen grating if
the Moire´ fringes orders are consecutive, we can set the
orders of these seven Moire´ fringes as 1, 2, 3, 4, 5, 6, 7,
respectively (Fig. 4). According to the shape character-
istics of these Moire´ fringes, quadratic polynomials are
chosen to ﬁt the seven Moire´ fringes. If the degree of the
polynomial of one Moire´ fringe is lower than two, the
coeﬃcient of the high-order term will be zero. The ﬁt-
ted equations of these seven Moire´ fringes are as follows
y1 = −1.0x+ 333.8 m = 1,
y2 = −1.0x+ 638.0 m = 2,
y3 = −1.0x+ 937.8 m = 3,
y4 = −0.000 1x2 − 0.8x+ 1193.2 m = 4,
y5 = −0.000 2x2 − 0.7x+ 1412.7 m = 5,
y6 = −0.000 2x2 − 0.6x+ 1618.9 m = 6,
y7 = −0.000 3x2 − 0.1x+ 1599.9 m = 7.
(4)
The thin Moire´ fringes and the ﬁtted curves are
plotted simultaneously in Fig. 4. It can be seen that
Fig. 4. Thin Moire´ fringes on the surface of the copper
interconnects in a Cartesian coordinate system, where m is
the Moire´ fringe order, black lines are the thin Moire´ fringes,
and red lines are the ﬁtted curves.
they are in a good agreement, suggesting the accuracy
of the ﬁtting method.
The curvature ranges of the Moire´ fringes in Fig. 3
can be calculated from K = |y′′|/ [1 + (y′)2]3/2. It
is found that the curvatures of the ﬁrst three Moire´
fringes are zero, and those of the last four Moire´ fringes
have a magnitude of 10−4. When the magnitude of the
curvature is less than 10−6, this Moire´ fringe can be
regarded as a straight line.
As the scanning spacing is pr = 9.9 μm, and the
interconnects spacing is ps = 10 μm, we know pr < ps
and the virtual strain of the specimen grating relative to
the reference grating is tensile. Here we need not rotate
the specimen grating since the interconnects spacing is
known.
Besides, the included angles between the Moire´
fringes and the scanning lines (horizontal direction) are
acute angles from Fig. 2. Consequently, a negative sign
should be adopted in Eq. (1), and the Moire´ order equa-
tion becomes
ms = mr −m. (5)
The reference grating order equation is mr = y/9.9,
and thus the expression of the Moire´ fringe order can
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be expressed by
m = y/9.9−ms. (6)
Regard the seven Moire´ fringes as a cluster of curves
as a function of the Moire´ fringe order m, and m = 1,
2, 3, 4, 5, 6, 7. As the number of Moire´ fringes is n=7,
the equation set of the cluster of curves will be obtained
from Eq. (3)
y(m) =
7∑
k=1
lk(m)yk, (7)
where lk(m) =
{
1, k = m
0, k = m , m = 1, 2, · · · , 7
stands for each Lagrange coeﬃcient. The
detailed expressions of lk(m) are lk(m) =
[(m− 2) · · · (m− 7)]/720 when k = 1, lk(m) =
[(m− 1) · · · (m− 6)]/720 when k = 7, and lk(m) =
{(m− 1) · · · [m− (k − 1)][m− (k + 1)] · · · (m− 7)/
(k − 1) · · · 1 · (−1) · · · (k − 7)} when k = 2, 3, · · · , 6.
Substituting Eqs. (4) and (6) into Eq. (7), we shall
obtain the relationship between the specimen grating
order ms and the coordinates x, y, which is just the
control equation set of the specimen grating. It should
be noted that the specimen grating order ms should be
conﬁned within integers, and the coordinate ranges are
0 ≤ x ≤ 1 485.15 μm, 0 ≤ y ≤ 1 000 μm. As Eq. (7)
is an equation of a higher degree, it is obvious that the
grating formed by the interconnect lines is composed of
a cluster of curves in a large area. The explicit expres-
sion of the specimen grating equation will not be given
here due to its complexity. Numerical solutions will be
employed when the specimen grating is fabricated based
on the control equation set of the specimen grating.
In summary, a interconnects structure is character-
ized by the FIBMoire´ inversion method. The FIBMoire´
fringes are generated by the interference between the
FIB scanning lines and the copper interconnect lines.
The copper interconnects are curves instead of beelines
in a large area of several millimeters. The control equa-
tion set of the central lines of the copper interconnects is
obtained, which accurately determines the arrangement
of the interconnects.
This work was supported by the JSPS Postdoctoral Fel-
lowship for Foreign Researchers, the National Basic Re-
search Program of China (“973” Project) (2010CB631005,
2011CB606105), the National Natural Science Founda-
tion of China (11172151, 90916010), Specialized Re-
search Fund for the Doctoral Program of Higher Education
(20090002110048).
1. C. Y. Li, D. H. Zhang, and P. W. Lu, et al, Thin Solid Films
471, 270 (2005).
2. P. Livshits, A. Rysin, and S. Sofer, et al, IEEE T Device Mat
Re 11, 484 (2011).
3. S. Rakheja, and A. Naeemi, IEEE T Electron Dev. 58, 1319
(2011).
4. P. Dixit, C. W. Tan, and L. H. Xu, et al, J Micromech Micro-
eng 17, 1078 (2007).
5. K. J. Ganesh, S. Rajasekhara, and J. P. Zhou, et al, Scripta
Mater 62, 843 (2010).
6. J. A. Davis, R. Venkatesan, and A. Kaloyeros, et al, In: Proc.
IEEE 89, 305(2001).
7. R. Weller, and B. Shepard, in Proc. SESA, 6, 35 (1948).
8. D. Post, and W. A. Baracat, Exp. Mech. 21, 100 (1981).
9. S. Kishimoto, M. Egashira, and N. Shinya, Opt. Eng. 32, 522
(1993).
10. B. Chen, and C. Basaran, Exp. Mech. 48, 665 (2008).
11. H. M. Xie, Q. H. Wang, and S. Kishimoto, et al, J. Appl.
Phys. 101, 103511 (2007).
12. S. Kishimoto, Q. Wang, and H. Xie, et al, Appl. Opt. 46,
7026 (2007).
13. S. Kishimoto, and Y. Yamauchi, Phys. Chem. Phys. 11, 5554
(2009).
14. M. W. Yu, Optical Holography and Information Processing
(Defence Industry Press, Beijing, 1984) (in Chinese).
